A facile and template-free solvothermal method was developed as a bottom-up approach to synthesize mesoporous/macroporous MOF nanosheets in a simple and scalable way. It was found that starting coordination complexes of different copper(II)-ligand compounds mediated the controlled growth and morphology of MOF crystals. By controlling the size and shape of the MOF crystals, the possibility to adjust and tailor the structure and performances of the assemblies was demonstrated. This work provides a bottom-up approach to synthesize MOF films and nanosheets in a simple and scalable way, which may have potential in energy and biomedical applications.
Introduction
Metal-organic-frameworks (MOFs) are a class of compounds composed of metal ions or clusters within a network of organic ligand linkages. Similar to other porous materials, MOFs have attracted interest for use in gaseous or liquid adsorption, sensor materials, 1 catalysis, and biomedical devices. 2, 3 Large pore volumes and surface areas in conjunction with the well-organized structures that MOFs display set them apart from other porous materials such as zeolites and activated carbons. 4 Furthermore, MOFs have enormous ex-ibility in composition and structure, can be synthesized quickly at low cost, and can be modied to have distinct functionalities. 5 Theoretically, MOF pore size and functionality can be controlled by modication of metal ions and organic linkers. However, the conventional MOF synthesis limits the applicability as agglomeration decreases porosity and complicates gas adsorption and separation. 4, 6 Recent work combined MOFs with other macroporous compounds to form materials with both micro-and macroporous features.
7,8
Other methods avoid agglomeration and add porosity by arranging the MOFs into macroporous and/or mesoporous frameworks through packing into monoliths, dispersing in aerogels or arranging in lms or membranes. MOF lms and nanosheets, in particular, have been of interest for commercial applications, especially in molecular sieving, 12,13 catalytic membranes and semiconductor materials 14 due to their tendency to form mesopores and macropores. 11 Other applications include liquid phase separations and chromatography as well as the storage, separation, or catalytic conversion of small molecules. 9, 15, 16 The applications of MOF nanolms have even extended to photonic devices. 17 However, the control of nanosheet thickness, crystallinity, and growth direction in MOF synthesis remains a work in progress. 6, 18, 19 Many different methods have been employed to create MOF lms and nanosheets. 17, [20] [21] [22] Most methods require templating MOFs onto other substances, including surfactant templating, 23, 24 liquid phase epitaxy 25 among others. 2, 12, 26 Though templating methods produce thin layers and homogeneous coatings, direct synthesis of template-free MOF nanosheets or lms could signicantly reduce the cost and complexity of synthesis, but this is largely unavailable.
Efficient, high-yielding methods that can produce MOF nanosheets with stable mesoporous frameworks are rare.
19
Synthesizing MOFs as freestanding and template-free nanosheets that retain morphological and structural integrity has been a challenge. 6 To create lms without templates, several groups have synthesized agglomerated nanosheets with organic solvents, followed by lengthy ultrasonication.
14,19
Recently, Li et al. developed a top-down delamination method to synthesize crystalline MOF nanosheets from bulk crystals. 27 Rodenas et al. 6 and Wu et al. 17 employed a diffusion-mediated modulation of MOF molecular assembly to form a small layer within glass tubes. Nonetheless, applications are limited by the scalability issue of their synthetic methods.
In this study, a facile and template-free solvothermal method has been developed to synthesize mesoporous/macroporous MOF nanosheets. In our method, cupric salts (i.e., Ac À , Cl 
Experimental
Solvothermal synthesis of MOF Cupric salts, terephthalic acid (TPA), dimethylformamide (DMF), methanol and ethanol were purchased from Sigma Aldrich (St. Louis, MO, USA). The MOF matrices were synthesized via a modied solvothermal method. 28 Cupric salt (55 mg of copper(II) chloride, 76 mg of copper(II) nitrate, 74 mg of copper(II) acetate, or 65 mg of copper(II) sulfate) and 92 mg of terephthalic acid (TPA) were dissolved in organic solvents containing 10 mL dimethylformamide (DMF) and 10 mL methanol or a solvent system inside a Teon lined autoclave reactor (Col-Int Tech, Columbia, SC, USA). The solution was sonicated for 5 minutes to dissolve all particles and incubated for 24 hours at room temperature. The MOF product was synthesized by heating the reactor at either 120 C for 48 hours or 180 C for 24 hours. The crystalline bluish solids were centrifuged (5000 Â g for 10 minutes) and washed three times with pure ethanol. The product was dried and activated in a vacuum oven at 100 C.
X-ray diffraction crystallography (XRD)
The MOF powder diffraction was characterized using a Bruker D8 Advance powder diffractometer (Bruker AXS Inc., Madison, WI, USA). The equipment was equipped with a CuKa sealed tube (wavelength of 1.541 78Å), Ni b-lter, and positionsensitive LynxEye detector and operated in Bragg-Brentano mode (q-q geometry). Phase identication was performed using the international center for diffraction data (ICDD) powder diffraction database, and the data were further analyzed using Le Bail and Rietveld renement on the supplier's TOPAS soware (Bruker AXS Inc., Madison, WI, USA).
Electron microscopy
Scanning electron photomicrographs were captured using an S-4700 low-temperature eld emission scanning electron microscope (LT-SEM) (Hitachi High Technologies America, Inc., Pleasanton, CA, USA) with a Quorum Cryo-Prep Chamber (Quorum Technologies, East Sussex, UK). All MOF samples were pretreated with a thin layer of Pt coating. All images were captured at 10 kV accelerating voltage, and 10 mm working distance with a 4 pi Analysis System (Hillsborough, NC, USA). For transmission electron microscopy (TEM), ethanol solutions containing MOF samples were directly applied onto 400 mesh carbon-coated copper grids and allowed to absorb for 30 minutes, excess solution was wicked off and grids were air dried. Grids were imaged at 80 kV with a Hitachi HT-7700 TEM (Hitachi High Technologies America, Inc., Dallas, TX, USA). when at least 50 m 2 of material are available for testing within the sample cell. Reproducibility for any given sample is dependent on the ability to regenerate the sample to the same degree of activation without modifying the surface or the pore structure. The cumulative volume was calculated based on a BJH analysis which relates pore size to relative pressure. In this analysis, a Halsey correction was used to account for monolayer thickness coverage. The free-standing nanosheets consisted of both individual lms and macroporous agglomerated stacks. Fig. 2b shows an SEM micrograph of a cross-sectional view of the sponge-like MOF nanosheets in the agglomerated form. The thickness of an individual nanosheet was about 50 nm, and the width of the nanosheet was over 15 mm (Fig. 1a) . Fig. 1e showed nanosheet structure at higher magnication power, and its selected area electron diffraction (SAED) pattern suggests that the nanosheet is polycrystalline. Similar structures were observed in the MOF synthesized via Cu 2+ -NO 3 À coordination complex (Fig. 1b) , in which the MOFs had the form of porous and fragmented nanosheets. The high degree of crystallinity of both nanocubes and nanosheets produces clearly identiable peaks in the X-ray powder diffraction (XRD) patterns. . In this study, the differences in crystal packing and gas storage capacity were investigated between two representative samples, which are MOF nanocubes (Cu 2+ -Ac À ) and MOF
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XRD
À is a weaker ligand to Cu 2+ and the organic ligand has better solubility in the organic solvent base of DMF and MeOH comparing to the Cl À ligand. The differences in ligand affinity and solubility could have led to a slower reaction rate and the anisotropy in the crystal growth kinetics. 30 The MOF nanosheet revealed the signicant change in the ratio of peak intensity (Fig. 3) . The increase in peak intensity at 2q ¼ 16.380 was assigned to (h,k,l ¼ 2,0,0) crystallographic plane, and the drop in peak intensity at 2q ¼ 12.165 was assigned to (h,k,l ¼ 0,2,0) crystallographic plane. The signicant change in (020 and 200) peak intensity (Fig. 3b) was a result of out-of-plane XRD ( Fig. 4a) . The nanosheet pattern was further tted using Le Bail renement tting for preferred orientation (PO) tendency analysis ( Fig. 5 and 6 ). The results suggest that the stronger Cu 2+ -Cl À coordination complex could either induce preferred covalent bond formation in the (100) plane along the b, c axes or inhibit the crystallization process along the a axis (Fig. 4b) , in order to form the anisotropic MOF nanosheet. Nonetheless, the lattice parameters (Table 1) , calculated from the Le Bail renement of the XRD spectrums ( Fig. 5 and 6 ), remained constant among MOF nanosheets, nanocubes and the International Centre for Diffraction Data (ICDD) database. 28 Therefore, the staring coordination complexes of different copper(II)-ligands determine the PO tendency toward crystallization of MOF in the solvothermal method without affecting unit cell structure.
Porosity and functionalities
The differences in crystal packing and MOF morphology also determine the porosity and functionality of the as-obtained MOF nanostructures. Fig. 7 shows the N 2 isotherm, from which the Brunauer-Emmett-Teller (BET) surface area and total pore volume (TOPV). The sharp rise in the isotherms at low values of P/P o is indicative of a large population of micropores (<20Å). A comparison of the micropore volume to the total pore volume evaluated from the loading at P/P o of $1.0 reveals that $63% of the pore volume, of both samples, comes from the micropores (Fig. 8) . This is also consistent with the high BET surface area values evaluated for these materials, i.e., 708 and 544 m 2 g À1 for the MOF nanosheets and nanocubes, respectively. The cupric-TPA nanocubes have a similar BET surface area compared to a previous report, 28 but the cupric-TPA nanosheet showed a 30.2% increase in BET surface area. The improvement of the surface area in MOF nanosheet could be attributed to the involvement of mesoporous and macroporous cavities (Fig. 2b) , especially inside the agglomerated nanosheets structures. The cumulative and percent incremental pore volume plots are provided in Fig. 8a and b, respectively. The data suggests that a broad pore size distribution exists in the mesoporous and macroporous regions. The MOF nanocubes also have a small population of pores centered at $40Å and above 500Å, whereas MOF nanosheets have an extensive amount of mesoporous and macroporous cavities above 400Å. a 'R wp ' is R-value in weighted pattern; 'R p ' is R-value in pattern; background subtracted and peak only contributions. 
